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Abstract. This paper presents an analysis of upper tropospheric
humidity, as measured by the Microwave Limb Sounder, and the
impact of the humidity on the greenhouse effect in the
midlatitudes. Enhanced upper tropospheric humidity and an en-
hanced greenhouse effect occur over the storm tracks in the North
Pacific and North Atlantic. In these areas, strong baroclinic ac-
tivity and the large number of deep convective clouds transport
more water vapor to the upper troposphere, and hence increase
greenhouse trapping. The greenhouse effect increases with upper
tropospheric humidity in areas with a moist upper troposphere
(such as areas over storm tracks), but it is not sensitive to changes
in upper tropospheric humidity in regions with a dry upper tropo-
sphere, clearly demonstrating that there are different mechanisms
controlling the geographical distribution of the greenhouse effect
in the midlatitudes.

1. Introduction

Despite its low measured value, upper tropospheric humidity
(UTH) plays an important role in the trapping of longwave radia-
tion emitted from the Earth and may have a strong influence on
greenhouse warming. Whether UTH plays a positive or negative
role in greenhouse warming is still under debate [Flohn and Ka-
pala, 1989; Raval and Ramanathan, 1989; Lindzen, 1990; Rind, et
al., 1991; Stephens and Greenwald, 1991; Inamdar and Ra-
manathan, 1994]; and most of these studies focused on tropical
areas and very few explorations were made on extratropical
regions. While water vapor integrated over the atmospheric col--
umn can be accurately derived over the ocean from the Special
Sensor Microwave Imager (SSMI) [Liu et al., 1992], measuring
UTH has been difficult. Recently, preliminary measurements of
UTH by the Microwave Limb Sounder (MLS) on the Upper At-
mosphere Research Satellite (UARS) were made available [Read
et al.,, 1995]. In the present study, the impact of UTH on midlati-
tude greenhouse warming is examined by using this set of UTH
data in conjunction with other space-based measurements and
model-simulated parameters. While the geographical distribution
of the greenhouse effect over the tropical oceans is mainly con-
trolled by the local sea surface temperature (SST), the cause of
greenhouse warming distribution is more complicated over mid-
latitude oceans, as explained in this paper.

2. Upper Tropospheric Humidity



Relative humidity averaged over 200 to 500 mb has been esti-
mated from the 6.7-*m channel radiance measured by spaceborne
sensors [Soden and Bretherton, 1993]. Soden and Fu [1995] used
this relative humidity to represent UTH and found a strong corre-
lation with the greenhouse effect over the tropical ocean but not
over the midlatitude ocean. Over the tropical ocean, the variability
of the air temperature is small, and the upper tropospheric relative
humidity may provide a good representation of the change of
UTH. Given the large changes in air temperature in the extratrop-
ics, the validity of using relative humidity to represent UTH is
questionable.

The UARS MLS has taken direct measurements of water vapor
content at pressure levels of 464 mb, 315 mb, 215 mb, and 146 mb
since late September 1991 until the present (with some interrup-
tions). The advantages of the MLS over other instruments are the
ability to observe through cirrus-type clouds and a better vertical
resolution (3 km) than that of the 6.7um product [Read et al,,
1995]. The best sensitivity of the MLS instrument to water vapor
is at ~12 km height at low latitudes and ~7 km height at high
latitudes. Therefore, we use the MLS water vapor measurements
at a pressure level of 315 mb to represent the midlatitude water
vapor in the upper troposphere. The data were monthly averaged
to a 2.50 latitude by 2.50 longitude grid. Because the UARS sat-
ellite yawed 180 degrees every 36 days, the mid- and high-latitude
coverages alternate between the Northern Hemisphere and the
Southern Hemisphere every 36 days. Note that the MLS UTH
measurements presented here are preliminary, validation and im-
provement of retrieval algorithm are on going research now.
Nevertheless, several papers have been published based on data
analysis on MLS UTH observations [e.g., Read et al., 1995; Elsen
et al., 1996; Stone et al., 1996).

UTH can also be estimated by using a general circulation model.
The distribution of UTH (at 300 mb) provided by the Goddard
Earth Observing System - Data Assimilation System (GEOS-D
AS) for July 1992 (Fig. 1a) is quite different from the distribution
of UTH observed from the MLS (Fig. 2a). The UTH from the
MLS has a lower magnitude and finer spatial structures aligned
with the storm tracks in the North Pacific and North Atlantic; the
enhanced UTH over storm tracks is superimposed on a background
of latitudinal variation. The distribution of modeled UTH follows
the distribution of total precipitable water obtained from the SSMI
(Fig. 1b); the precipitable water largely decreases with latitude and
has less variation with longitude. Note that both the modeled UTH
and total precipitable water have patterns similar to those of sea
surface temperature (SST) (Fig. 1c). The discrepancies between
the modeled and measured UTH may result from the lack of UTH
observations available for assimilation into GEOS-DAS.

3. Other Data

The normalized greenhouse effect was calculated by using the
formula g = (0T - F) / (0TY, where T is the surface tem-
perature, F is the outgoing longwave radiation (OLR) flux at the
top of the atmosphere, and ¢ is the Stephan-Boltzmann constant
[Raval and Ramanathan, 1989]. The OLR observations were ob-



tained by the nonscanner instrument in the Earth Radiation Budget
Experiment (ERBE) [Luther et al., 1986]. The OLR observations
from the nonscanner instrument that were used in this study in-
clude clear, cloudy, and overcast conditions because there was no
scene identification information from the scanners, which were
inoperative after February 1990. Due to the lack of surface tem-
peratures obtained over land, this study focuses on the oceans, and
the SST data used here were derived from Advanced Very High
Resolution Radiometer (AVHRR) observations blended with in
situ measurements [Reynolds and Smith, 1995]. The coverage by
deep convective clouds represents a fractional area of coverage by
those high clouds which have cloud top pressure less than 440 mb
and optical thickness greater than 22.63. The information on deep
convective clouds was provided by the International Satellite
Cloud Climatology Project ISCCP) D2 monthly mean data set
[Rossow and Schiffer, 1991]. Comparison between SAGE II
(Stratospheric Aerosol and Gas Experiment IT) and ISCCP high-
level clouds demonstrated that their geographical distributions of
cloud amounts are in good agreement, both have high values in
midlatitude storm tracks [Liao et al., 1995]. The ERBE and ISCCP
data were obtained from the NASA Langley Research Center
EOSDIS Distributed Active Archive Center. Re-analysis data pro-
duced by GEOS-DAS were used to study baroclinic activity in the
midlatitudes. The monthly averages for July 1992 in the Northern
Hemisphere midlatitudes (between 120° and 360°E and 30°
and 55°N) were chosen for this study because the overlaps be-
tween available data sets are longer during this month.

4. The Greenhouse Effect

The enhancement in MLS UTH over storm tracks in the North
Pacific and North Atlantic is collocated with an increase in the
greenhouse effect, as shown in Figure 2, clearly demonstrating the
ability of UTH to trap the Earth’s longwave radiation. The en-
hancement in UTH over the storm tracks is associated with
large-scale dynamical processes, such as the baroclinic waves.
Figure 3a shows that deep convective cloud coverage increases
over storm tracks, hence more water vapor is transported upward
to the tropopause. Figure 3b indicates that the generation of these
deep convective clouds is associated with synoptic-scale baroclin-
ic waves along storm tracks (based on the analysis of GEOS-DAS
model products). In this study, the baroclinic activity is measured
with the baroclinicity index, namely, the maximum Eady growth
rate [Lindzen and Farrell 1980]. The index was calculated by us-
ing the formula formula og; = 0.31 f |dU/3Z| N2, wheref is
the Coriolis parameter, dU /9Z is the zonal wind vertical shear,
and N is the Brunt-Viisili frequency. The data shown in Figure
3b are monthly averages of 6-hourly baroclinicity indices using
wind and temperatures at 850 mb and 700 mb levels from GEOS-
DAS. The higher baroclinicity index the stronger the eddy activity
implied. Hoskins and Valdes (1990) showed that high baroclinic-
ity over the winter Northern Hemisphere is located along storm
track regions. Del Genio et al. [1994] used a general circulation
model (GCM) to study the maintenance of upper tropospheric
water vapor distribution and argued that the eddies play an impor-



tant role in moistening the extratropical upper troposphere. Ba-
roclinic wave features were also observed in MLS upper tropo-
spheric water vapor measurements in the extratropical Southern
Hemisphere summertime [Elson et al., 1996; Stone et al., 1996]. It
is worth mentioning that an increase in the amount of deep con-
vective clouds will also enhance the greenhouse trapping (Acker-
man et al., 1992). Since the greenhouse effect presented here
includes observations made under clear and cloudy conditions, we
do not have enough information to separate the relative contribu-
tion of upper tropospheric water vapor from that of deep convec-
tive clouds to the greenhouse effect over the storm tracks.

The impact of UTH on the greenhouse effect varies in different
regions. Figure 4a shows the normalized greenhouse effect (g)
plotted against UTH from the MLS (W), with the UTH values less
than 0.25 g/kg, representing regions located at higher latitudes and
outside storm tracks. The greenhouse effect has a low positive
correlation with UTH (a correlation coefficient of ¥=0.26). The
greenhouse effect is also not very sensitive to the change of UTH:
a straight line of g=0.34+0.23W was obtained from linear least
squares fits to these data, with a standard deviation of 0=0.02.
However, as shown in Figure 4b, at lower latitudes and over storm
tracks where UTH values are greater than 0.25g/kg, the green-
house effect has a stronger positive correlation with UTH (a
correlation coefficient of ¥=0.67). Also, the greenhouse effect is
more sensitive to the change of UTH: a straight line of
£=0.15+1.0W was obtained from linear least squares fits to these
data, with a standard deviation of 0=0.02. These results imply that
at areas with higher UTH values (e.g., areas over storm tracks),
large-scale dynamical processes play an important role in deter-
mining the greenhouse effect distribution. Elsewhere, the green-
house effect is not sensitive to the change of UTH, indicating that
other processes, such as local thermodynamical processes in
Clausius-Clapeyron relationship, might largely conirol the green-
house effect.

5. Conclusion

Although the water vapor distribution in the extratropical upper
troposphere is much smaller than that in the Tropics and in the
lower troposphere, the analysis of UTH data obtained from the
MLS reveals the importance of water vapor in trapping the Earth’s
longwave radiation. It was found that the UTH from the MLS is
enhanced over the storm tracks in the North Pacific and North At-
lantic, collocating with an increase in the greenhouse warming.
The mechanism of observed enhancement in UTH over the storm
tracks seems to be associated with the increase in the amount of
deep convective clouds, and thus the transportation of more water
vapor upward to the tropopause. The analysis of data derived from
an atmospheric general circulation model indicates that the gener-
ation of these deep convective clouds is related to synoptic-scale
baroclinic waves along storm tracks. In different regions, the im-
pact of UTH on the greenhouse effect varies: for a wetter upper
troposphere, the greenhouse effect has a strong positive correlation
with changes in UTH; for a drier upper troposphere, the green-
house effect is not sensitive to a change of UTH. This suggests
that greenhouse warming in different regions is controlled by dif-
ferent mechanisms, e.g., large-scale dynamical processes and
local thermodynamical processes.
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Figure 1. (a) Modeled upper tropospheric specific humidity at 300
mb from GEOS-DAS. The contour interval is 0.1 g/kg; values
greater than 0.3 g/kg and 0.4 g/kg are denoted by light and dark
shading, respectively. (b) Total precipitable water data from the
SSMI. The contour interval is 0.3 g/cm2; values greater than 2.3
g/cm2 and 2.9 g/cm?2 are denoted by light and dark shading,
respectively. (c) Sea surface temperature from the AVHRR. The
contour level is 5°C; values greater than 15°C and 20°C are denot-
ed by light and dark shading, respectively. The data for 1(a)
throught 1(c) are monthly averages for July 1992.

Figure 2. (a) Upper tropospheric specific humidity from the MLS
at 315 mb. The contour interval is 0.03 g/k:: values greater than
0.24 g/kg and 0.27 g/kg are denoted by light and dark shading,
respectively. (b) The normalized greenhouse effect. The contour
interval is 0.02: values greater than 0.4 and 0.42 are denoted by
light and dark shading, respectively. The data in 2(a) and 2(b) are
monthly averages for July 1992,

Figure 3. (a) Deep convective cloud amount from the ISCCP D2
monthly averages for July 1992. The contour interval is 2%: val-
ues greater than 2% and 4% are denoted by light and dark shading,
respectively. (b) Calculated monthly averages of 6-hourly barocli-
nicity indices using GEOS-DAS re-analysis data. The contour
interval is 0.04 day-1: values larger than 0.2 day-1 and 0.24 day-1
are denoted by light and dark shading, respectively.

Pigure 4. (a) The normalized greenhouse effect plotted against up--
per tropospheric specific humidity (UTH) from the MLS with the
UTH values ess than 0.25 g/kg; the straight line is a fit to these
data. (b) the same comparison and parameters as in Figure 4(a) as
except with the UTH values greater than 0.25 g/kg.

Figure 1. (a) Modeled upper tropospheric specific humidity at 300 mb from GEOS-DAS. The contour interval is 0.1 g/kg; values greater than
0.3 gkg and 04 g/kg are denoted by light and dark shading, respectxvely (b) Total precipitable water data from the SSMI. The contour
interval is 0.3 g/cm values greater than 2.3 glcm and 2.9 g/cm are denoted by light and dark shading, respectively. (c) Sea surface
temperature from the AVHRR. The contour level is 5°C; values greatér than“15°C afid 20°C are denoted by light and dark shading;-
respectively. The data for 1(a) throught 1(c) are monthly averages for July 1992.

Figure 2. (a) Upper tropospheric specific humidity from the MLS at 315 mb. The contour interval is 0.03 g/k: values greater than 0.24 g/kg
and 0.27 g/kg are denoted by light and dark shading, respectively. (b) The normalized greenhouse effect. The contour interval is 0.02: values
greater than 0.4 and 0.42 are denoted by light and dark shading, respectively. The data in 2(a) and 2(b) are monthly averages for July 1992.

Figure 3. (a) Deep convective cloud amount from the ISCCP D2 monthly averages for July 1992. The contour interval is 2%: values greater
than 2% and 4% are denoted by light and dark shading, respecnvely (b) Calculated monthly averages of 6-hour1y baroclinicity indices using
GEOS-DAS re-analysis data. The contour interval is 0.04 day values larger than 0.2 day ' and 0.24 day™ are denoted by light and dark
shading, respectively.

Figure 4. (a) The normalized greenhouse effect plotted against upper tropospheric specific humidity (UTH) from the MLS with the UTH
values less than 0.25 g/kg; the straight line is a fit to these data. (b) the same comparison and parameters as in Figure 4(a) as except with the
UTH values greater than 0.25 g/kg.
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